Olfactory loss is known to affect both mood and quality of life. Transient anosmia was induced in mice to study the resulting changes in mood, behavior, and on a molecular level. Transient anosmia was induced by a single intranasal instillation of ZnSO 4 in BALB/c mice. Hematoxylin and eosin (HE) staining, and potato chip finding test were performed to confirm olfactory loss. Tail suspension, forced swim, and splash tests were performed to evaluate depression-related behavior; while the open field, and elevated plus maze tests were used to evaluate anxiety-related behavior. The mRNA levels of amygdalar corticotropin-releasing hormone (CRH) and hypothalamic glucocorticoid receptor (GR) were quantified using real-time PCR to confirm relevant molecular change. Olfactory loss was confirmed 1-2.5 weeks after induction, and this loss was subsequently reversed over time. The results of the behavioral tests indicated increased depression-like and reduced anxiety-like behavior at week 1. Accordingly, PCR data identified decreased amygdalar CRH expression at week 1. These results suggest that transient anosmia induces both depressive and anxiolytic behavior as a result of decreased amygdalar CRH in a mouse model of anosmia.
Introduction
Anosmia is defined as the inability to perceive odor or loss of olfactory function. Anosmia is a highly prevalent condition with overarching effects in social, psychological, and nutritional domains. Such consequences are however often neglected as they are perceived to have a relatively limited impact on human health (Toller 1999) . The most common causes of olfactory loss include post-upper respiratory tract infection (URI) (18-45%), nasal/sinus disease (7-56%), head trauma (8-20%), exposure to toxins/drugs (2-6%), and congenital anosmia (0-4%) (Nordin and Brämerson 2008) . Olfactory deficits induced by post-URI, head trauma, and exposure to toxins/drugs have been reported to spontaneously revert in some cases (Duncan and Seiden 1995; Reden et al. 2006) ; meanwhile nasal/sinus diseases do not revert without medication or surgery (Seiden et al. 1992) . In a relatively large study by Reden et al. (2006) , 32% of patients with post-URI olfactory loss and 10% of patients with post-traumatic olfactory loss demonstrated functional recovery of olfactory function over a period of approximately 1 year. Unlike the slow and progressive loss of olfactory function associated with aging, the sudden loss of olfactory function following URI and trauma is reported to produce more significant impact on quality of life (Hummel and Nordin 2005) .
Zinc sulfate (ZnSO 4 ) is an inorganic compound commonly used to treat zinc deficiency and can be found in over-the-counter (OTC) medication in the form of nasal swabs/sprays used for the treatment of rhinovirus (Hirt et al. 2000) . Intranasal application of ZnSO 4 has been used in a variety of species to destroy the olfactory epithelium and produce anosmia (Slotnick and Gutman 1977; Winans and Powers 1977; Andiné et al. 1995) . This use of ZnSO 4 as an acute anosmia model is widely accepted. Patients who suffer acute anosmia become vulnerable to hazardous events and are subjected to psychological stress, as they experience a sudden loss of olfactory function without adequate time to adapt to this change (Santos et al. 2004) . However, animal studies examining the relationship between anosmia and mood disorders are limited.
In recent studies by Chen et al. and Glinka et al., a Cnga2 knockdown model was utilized to investigate the effects of anosmia on depression and anxiety. Both studies reported increased anxiety and conflicting changes with regard to depressive behavior (Glinka et al. 2012; Chen et al. 2014 ). However, a congenital and persistent model features limitations with regard to translating its results to patients with general anosmia, since these genetic models only represent a small subset of those with anosmia with the condition present from birth. Previously, we used a mouse model of chronic anosmia induced by repeated intranasal irrigation of ZnSO 4 to study the effects of anosmia on mood disorders. We found that chronic anosmia induced depressive-like behavior and reduced anxiety-like behavior via dysregulation of glucocorticoid receptor (GR) and corticotropin-releasing hormone (CRH) in the hypothalamus and amygdale, respectively (Ahn et al. 2016) .
GR and CRH are important molecular regulators for depressive (Anacker et al. 2011a ) and anxiogenic (Risbrough and Stein 2006) stimuli in the hypothalamic-pituitary-adrenal (HPA) axis. Stress or threats activate the HPA axis, activating CRH-producing neurons. The resulting increased production of glucocorticoids produces negative feedback to down-regulate production of CRH (de Kloet et al. 2005; McEwen 2007 ). This dynamic neuroendocrine feedback system is essential for maintaining homeostasis in response to depressive and anxiogenic stimuli. Previous studies on the relationship between olfactory function and depression/anxiety have had mixed results. However, more recent population studies exploring the impact of olfactory dysfunction on quality of life and mood (Katotomichelakis et al. 2013; Keller and Malaspina 2013; Kohli et al. 2016) suggest that patients with olfactory dysfunction have symptoms of depression, the severity of which correlates with the severity of olfactory dysfunction. Since no effective therapy exists for the treatment of post-URI and post-traumatic olfactory dysfunction, the understanding of disease prognosis and its influence on mental health is vital with regard to patient consultation.
In the present study, olfactory loss was induced by a single intranasal instillation of ZnSO 4, in order to replicate an acquired and transient form of anosmia. To investigate the properties of transient anosmia and its influence on mood, the study was designed to assess the loss and subsequent recovery of olfactory function, and relate this data to mood-related behavioral and molecular changes. Transient anosmia was verified in mice using a functional test which involved having mice locate buried food, in addition to histological analysis. Changes in mood-like behaviors were assessed via a series of behavioral tests, and changes in relevant molecular expression in the hypothalamus and amygdala were measured with real-time PCR.
Materials and methods

Animals
Seventy-two 6-week-old male BALB/c mice (n = 72, Koatech Korea, South Korea) were randomly divided into 3 groups of 24 mice, where each group was planned to be tested at the 1-, 3-, or 5-week time point. This separation of mice groups according to the timing of tests was required in order to exclude the effects of repeated behavioral testing. Each group of 24 mice were divided into 2 groups of 12 mice, one group being the transient anosmia group (TA group, total n = 36) and the other being the control group (CONT group, total n = 36). Each group of 12 mice were again divided into 2 subgroups of 6 mice, according to the sets of behavioral testing (behavioral test set #1 or #2). As a result, the mice were assigned to 1 of the 12 subgroups with a different combination of time point (1 or 3 or 5 weeks), treatment (TA or CONT), or behavior test set (sets #1 or #2). The sets of behavioral tests were defined as follows. Set #1: Potato chip finding test, Elevated plus maze, Tail suspension test. Set #2: Potato chip finding test, Splash test, Open field test, and Forced swim test. At the beginning of the experiment, the mice received an intranasal instillation of either 20 μL ZnSO 4 (170 mM) or normal saline solution in each nostril (total 40 μL) depending on whether they belonged to the TA group or CONT group, respectively. Each subject was restrained by manually gripping on the scruff and was held at a ventral position with the nose pointing upwards about 15 degrees. The ZnSO4 or Saline solution was applied to the right naris and after maintaining the position for 5 s, the mouse was held with the nose pointing down for 10 s and the regurgitating solution was removed by gently tapping the nose with a paper towel. This maneuver was performed in order to flush the nasal epithelium with the solution while preventing the mouse from ingesting the solution, which may cause a systemic effect. Instillation on the left naris was performed in the same manner with a 3-h interval to avoid difficulty in breathing. At the 1-, 3-, or 5-week time points, after behavioral testing, mice were subsequently sacrificed for molecular and histological analysis (experimental timeline illustrated in Figure 1 ). Mice were maintained under a 12-h light-dark cycle, with free access to water and food. All animal experiments were carried out in accordance with the National Institutes of Health Guidelines for the Humane Treatment of Animals, and the approval of the Institutional Animal Care and Committee of Seoul National University (IACUC number SNU-150715-4-1).
Potato chip finding test
To assess olfactory function, the potato chip finding test was performed as previously described with minor modifications (Ahn et al. 2016) . After 24 h of food deprivation, mice were placed individually in clear plastic test cages (20 × 40 × 15 cm) with fresh bedding of a depth of 5 cm. A whole piece of potato chip (Pringles Original Potato Chip) was placed under the bedding at the bottom of the cage, and for every test, its location was alternated around the center of each quadrant, in order to prevent any effect of association or finding the food by chance. If the mouse failed to find the potato chip in 480 s, the trial was considered complete and 480 s was recorded. The average latency for each mouse locating the potato chip was recorded over 2-3 trials.
Tail suspension test
Mice were suspended 20 cm from the floor using adhesive tape placed approximately 1 cm from the tip of the tail. The test was recorded for 10 min with a digital camera and was analyzed using Ethovision 8.5 software. The total duration of immobility, defined as the absence of movement in all 4 limbs and the head, was analyzed.
Forced swim test
Mice were placed in a transparent plastic cylinder (25 cm high and 15 cm in diameter) filled with 20 cm of water for 10 min. The test was recorded with a digital camera, and then analyzed using Ethovision 8.5 software (Noldus). The total duration of immobility, defined as the absence of movement in all 4 limbs was recorded to assess depressive behavior.
Splash test
Mice were individually placed in clear plastic test cages (12 × 28 × 15 cm) with fresh bedding and then habituated for 10 min with the lid closed. After the habituation period, a 10% sucrose solution was squirted twice onto the dorsal coat of each mouse, and the mice were moved back into the test cage. A 10-min trial was recorded by a digital camera, and then analyzed using Ethovision 8.5 software (Noldus).
Open field test
Spontaneous activity was measured using the open field test. Mice were individually placed in a 40 × 40 × 40 cm black plastic box. Activity was recorded using a digital camera attached to the ceiling for 30 min. The time spent in the center was calculated as a parameter of anxiety by Ethovision 8.5 software (Noldus).
Elevated plus maze
The elevated plus-maze consisted of 2 open arms, 2 closed arms, and a center area, elevated to a height of 50 cm above the floor (with arms 8 cm wide, 25 cm long). After fasting overnight, mice were placed in the center of the maze and were allowed to explore for 10 min. The test was recorded by a digital camera attached to the ceiling, and was analyzed using Ethovision 8.5 software (Noldus). The total time spent in the open arms was used to assess anxiety in the subjects.
Tissue preparation
Animals were deeply anesthetized and with an intraperitoneal injection of Zoletil (Virbac, France; zolazepam + tiletamine 1:1 mix, 50 mg/kg) and Rompun (Bayer, Germany; xylazine hydrochloride, 7.77 mg/kg) mix, and were immediately cardiac-perfused with heparinized phosphate buffered saline. After the brains were removed, the amygdala and hypothalamus were quickly dissected on an icecold plate. Brain tissue was stored at −70°C until RNA extraction. For nasal histological evaluation, nasal tissue specimens were fixed in 4% paraformaldehyde and decalcified in 10% EDTA solution for 4-5 days at 4°C. The specimens were excised from the second palatal ridge to the first upper molar teeth. The tissue was then dehydrated and processed according to standard paraffin-embedding procedures. Next, the tissue was cut into coronal sections of 4 μm thickness. Hematoxylin and eosin (HE) staining was used to assess general findings in the nasal tissue.
Real-time PCR
RNA samples were prepared using the NucleoSpin RNA/Protein kit (Machery-Nagel) according to the manufacturer's protocols. First strand cDNA was synthesized from the RNA samples using AccuPower RocketScript RT Premix (Bioneer). Quantitative real-time PCR assays were performed using EvaGreen 2× qPCR MasterMix (Applied Biological Materials) with a BioRad CFX96 Real-time PCR Detection System (Bio-Rad Laboratories) and its bundled software. The levels of GR and CRH were normalized using beta-actin as an internal control. The primer sequences were as follows: GR forward, 5ʹ-TGA TGG GGA ATG ACT TGG GC-3ʹ, GR reverse, 5ʹ-CTT CTC TGT CGG GGT AGC AC-3ʹ, CRH forward, 5ʹ-ACC TTC TGC GGG AAG TCT TG-3ʹ, CRH reverse, 5ʹ-CGG AGC TGC GAT ATG GTA CA-3ʹ, beta-actin forward, 5ʹ-GGC TGT ATT CCC CTC CAT CG-3ʹ, beta-actin reverse, 5ʹ-CCA GTT GGT AAC AAT GCC ATG T-3ʹ.
Data analysis
Two-way (treatment group × weeks after treatment) analysis of variance (ANOVA) with Bonferroni correction and 2-tailed independent Student's t-test was used for statistical analysis. Normality of each group was checked with Kolmogorov-Smirnov test. The results were considered statistically significant if P < 0.05 and all data are expressed as mean ± standard error of the mean. SPSS version 22 (IBM) was used for all statistical calculations. Graphs were generated with Sigmaplot 12 (Systat).
Results
Olfactory epithelium destruction and olfactory functional impairment were observed in TA mice
The use of ZnSO 4 for the destruction of olfactory epithelium for induction of anosmia is a well-recognized method. Its effectiveness is such that in prior experiments, anosmia has been assumed without histological confirmation of olfactory epithelium damage or performing behavioral tests for confirmation of olfactory function loss (Winans and Powers 1977; Andiné et al. 1995; Clepce et al. 2012; Havlícek et al. 2012) . For histological confirmation of ablation of the olfactory epithelium following ZnSO 4 instillation, HE staining was performed. Results showed severe damage to the olfactory epithelium in TA mice during the first week, an effect which was ameliorated over time ( Figure 2a) . Furthermore, behavior test for confirmation of olfactory function loss was performed using the potato chip finding task. Two-way ANOVA showed a significant interaction between the effects of treatment group and weeks (F(5,60) = 11.39, P < 0.001) as well as significance of main effects (treatment group, F(1,60) = 60.89, P < 0.001; weeks, F(5,60) = 9.72, P < 0.001). Simple main effect analysis indicated an increased latency in TA mice between 1-2.5 weeks (1 week, CONT: 146.8 ± 0.0 s, TA: 480.0 ± 0.0 s, P < 0.001, n = 12 per group; 2 weeks, CONT: 122.8 ± 16.3 s, TA: 480.0 ± 0.0 s, P < 0.001, n = 12 per group; 2.5 weeks, CONT: 125.1 ± 28.7 s, TA: 262.4 ± 48.3 s, P < 0.01, n = 6 per group). After 3 weeks, no difference was detected among the groups (Figure 2b ).
Depression-like behavior was observed in TA mice
Recent studies on the association between olfactory function and depression found that patients with depression have reduced olfactory performance, and in turn, patients with olfactory dysfunction have symptoms of depression that worsen with severity of olfactory dysfunction (Kohli et al. 2016) . In order to evaluate the correlation between severity of depression and severity of olfactory function loss, a battery of behavioral tests were utilized. Tail suspension test was used to induce short-term inescapable stress, with longer immobile ratio representing increased severity of depression. Two-way ANOVA showed significant effects for both treatment group (F(1,30) = 7.83, P < 0.01) and weeks (F(2,30) = 4.98, P < 0.05). Simple main effect analysis indicated a significant increase in immobile ratio of tail suspension test during the first week (1 week, CONT: 0.232 ± 0.023, TA: 0.383 ± 0.104, P < 0.05, n = 6 per group) (Figure 3a) . The splash test measures the total grooming time after application of the sucrose solution. Duration and frequency of grooming were used as index of self-care and motivated behavior, where shorter time and lower frequency represents an increased severity of depression-like behavior. Two-way ANOVA showed a significant interaction between the effects of treatment group and weeks on both grooming ratio (F(2,30) = 4.04, P < 0.05) and grooming frequency (F(2,30) = 5.19, P < 0.05). Simple main effect analysis of the splash test results showed a significant increase in depression-like behavior in TA mice during the first week (ratio: 1 week, CONT: 0.533 ± 0.078, TA: 0.325 ± 0.121, P < 0.05, n = 6 per group; frequency: 1 week, CONT: 25.83 ± 1.78, TA: 13.67 ± 2.16, P < 0.001) (Figure 3b and c) . Two-way ANOVA of the forced swim test results did not show an interaction between treatment group and weeks, but a significant effect of weeks (F(2,30)=10.26, P < 0.001). Simple main effect analysis failed to identify any differences in immobile ratio during all periods (1 week, CONT: 0.527 ± 0.080, TA: 0.545 ± 0.072, P = 0.828; 3 weeks, CONT 0.272 ± 0.044, TA: Figure 2 . TA mice demonstrated reversible damage to both the olfactory epithelium and olfactory function. Time-dependent recovery of olfactory epithelium and function was observed in TA mice. HE staining was performed on nasal tissue to examine olfactory epithelium disruption. (A) Representative pictomicrographs of HE staining of the olfactory epithelium. (B) Latency to find a hidden potato chip. **P < 0.01, ***P < 0.001 compared among groups of same week. Scale bar indicates 100 μm. Annotations: M, maxillary sinus; G, gland; T, turbinelle; S, septum; dotted line, olfactory epithelium.
0.312 ± 0.066, P = 0.633; 5 weeks, CONT: 0.260 ± 0.489, TA: 0.372 ± 0.032, P = 0.190, n = 6 per group) (Figure 3d ).
Anxiety-like behavior was decreased in TA mice
Anxiety and olfactory function are well studied with conflicting findings (Clepce et al. 2012; Havlícek et al. 2012) . A recent study explored the association between trait anxiety and olfactory processing, and found patients with higher traits of anxiety had faster olfactory processing (La Buissonnière-Ariza et al. 2013 ). This study found that decreased anxiety was related to decreased olfactory processing, representing the other end of the spectrum. In order to assess anxiety in subjects, the open field and elevated plus maze tasks were used. In the open field test, 2-way ANOVA did not detect any significant main effect. Since the interaction between treatment group and weeks showed marginally low significance (F(2,30)=3.16, P = 0.057), simple main effect analysis was performed and showed that the total time spent in the center was increased during the first week in TA mice (1 week, CONT: 125.3 ± 19.5 s, TA: 272.2 ± 35.9 s, P < 0.05, n = 6 per group) (Figure 4a) . A significant interaction between the effects of treatment group and weeks on time spent in open arms of the elevated plus maze was detected by 2-way ANOVA (F(2,30) = 5.42, P < 0.01). Comparatively, according to the simple main effect analysis of the elevated plus maze results, TA mice spent more time in the open arms at week 3 (CONT: 62.2 ± 22.6 s, TA: 163.3 ± 21.4 s, P < 0.01, n = 6 per group) (Figure 4b ). The total distance moved during both tests did not differ among groups for all weeks, allowing exclusion of the effects of disparity in general locomotion (Figure 4c and d) .
Amygdalar CRH, but not hypothalamic GR expression was reduced in TA mice GR and CRH are imperative regulators in the response to stressful stimuli. To investigate the relationship between molecular changes and mood changes in TA mice, GR expression in the hypothalamus and CRH expression in the amygdala were assessed using real-time PCR (Ahn et al. 2016) . Two-way ANOVA did not detect any significant main effects in hypothalamic GR expression (Figure 5a ), but did detect a significant main effect of weeks on amygdalar CRH expression (F(2,30) = 4.83, P < 0.05). Although there was no interaction between main effects, independent t-tests were performed to check for any significant difference of CRH expression between CONT and TA on each week. Amygdalar CRH expression was significantly reduced by 36% in TA mice during week 1 (CONT: 1.000 ± 0.125, TA: 0.640 ± 0.091, t(10) = 2.32, P = 0.043, n = 6 per group) (Figure 5b ).
Discussion
Olfactory function plays a major role in attention to external stimuli (Lapid et al. 2011) , food intake, social communication (Stevenson 2010), anxiety, and depression (Frasnelli and Hummel 2005) . Subsequently, damage to the olfactory and nasal epithelium plays a vital role in understanding these behaviors and disorders. Studies show the prevalence of olfactory loss is 22-24% (Murphy et al. 2002; Vennemann et al. 2008) . Most common etiologies of anosmia are URI, nasal/sinus disease, congenital anosmia and exposure to drug/toxins (Croy et al. 2014) . ZnSO 4 is a readily available over-thecounter drug and has been linked to anosmia (Slotnick and Gutman 1977; Winans and Powers 1977) . To study the effects of olfactory damage on mood, we first induced anosmia with a single intranasal instillation ZnSO 4 and confirmed nasal epithelium ablation and impairment in olfactory function by the measurement of latency in the potato chip finding test (Figure 2b ). The TA mice demonstrated an immediate disruption in olfactory epithelium and olfactory function combined with increase in depression-and anxiolyticlike behavioral changes, and these changes were recovered over a 5-week period. These findings are consistent with recovery of human patients with transient anosmia and depression (Kohli et al. 2016) .
In a previous study, we utilized a chronic anosmia model induced by repeated instillation of ZnSO4 for 12 weeks and compared with the control group and olfactory bulbectomy group (Ahn et al. 2016 ). The chronic anosmia group mice showed anatomical disruption of the olfactory epithelium in H&E staining, functional decline of olfaction in potato chip finding test, depression-like and anxiolyticlike behavioral changes, which were similar to the results observed in this study. The olfactory bulbectomy model is a depression-like model widely used to study the effect of antidepressants (Jarosik et al. 2007) . Unlike the ZnSO 4 model, surgical removal of the olfactory bulb causes edema and damage to the blood circulation of the brain (Kelly et al. 1997) , and induces neuronal degeneration in regions which are interconnected with the olfactory bulb (Song and Leonard 2005) . The olfactory bulbectomy group showed similar disruption of the olfactory epithelium as well as loss of olfaction, combined with a higher degree of depression-like change but no change in anxiety-like behavior. Taking into account that the bulbectomy procedure greatly differs in degree of damage to the brain when compared to the ZnSO 4 model and that the surgery usually requires 2 weeks of recovery (Hendriksen et al. 2015) , the olfactory bulbectomy model was not compared in the transient anosmia study.
In this study, depression-like behavior was evaluated using tail suspension, forced swim, and splash tests. Tail suspension and forced swim are typically used to investigate behavioral despair in an inescapable situation (Cryan et al. 2005) , where longer durations of immobility imply a greater degree of behavioral despair. Although similar, a discrepancy has been acknowledged between the 2 tasks, and a difference in neurochemistry has been evaluated (Renard et al. 2003) . Recent studies have shown that biological substrates mediating performance in forced swim and tail suspension are not identical (Bai et al. 2001; Tang et al. 2014) and that a higher dose of serotonin reuptake inhibitor is needed to decrease FST immobility (Liu and Gershenfeld 2001) . Coupled with our findings, TA mice showed increased immobility in tail suspension and no difference in forced swim, further suggesting behavioral studies require a different degree of despair and that TA mice reached a threshold of despair for tail suspension but not for the forced swimming test.
Two approach-avoidance tests, the open field and elevated plus maze tests, were used to assess the anxiety-like behavior. Open field evokes fear by separating mice from their social group and placing them in a novel, exposed open space (Carola et al. 2002) , while elevated plus maze promotes fear by placing mice on a narrow, exposed elevated arm (Pellow et al. 1985) . Although these 2 tasks are routinely used to assess anxiety-related behavior in mice, the difference in quality and magnitude of anxiety-provoking situation may lead to inconsistent results. The 2 tasks have been reported to produce disparate behavioral responses with regard to anxiogenic effects (Clément et al. 2009) , and a number of experiments showed that change in anxiety was detected in the open field but not in the elevated plus maze (Daniels et al. 2008; Anchan et al. 2014) . The results of the present study showed a general agreement that TA mice show less anxiety-like behavior and that this change was reversed over time, but a disagreement in the time course. Compared to elevated plus maze, open field results showed a better chronological concurrence with amygdalar CRH expression (Figures 4a and 5b) and potato chip finding test (Figure 2b ). We speculate that the main stressor in the elevated plus maze is visual, while the proportion of visual stimuli in the confined environment of open field is much smaller. As a result, impairment in olfactory function may have relatively higher influence on the behavior of mice in the open field, and subsequently lead to higher correlation in the open field results, CRH PCR results and olfactory function test results.
Since the transient anosmia model demonstrates a similar behavioral profile to the chronic anosmia model (Ahn et al. 2016) , the molecular changes observed in chronic mice were assessed in the transient model. Real-time PCR identified a decrease in amygdalar CRH expression during week 1 in TA mice. This change in expression was ameliorated during weeks 3-5. The expression profile of amygdalar CRH corresponded to a reduction in anxiety-like behavior during week 1, as assessed using the open field test. Various stressors are known to upregulate CRH mRNA expression in the hypothalamus, inducing subsequent activation of the HPA (Sawchenko et al. 1996; Turnbull and Rivier 1997) . Hyperactive adrenocortical responses are a common finding in depression, and represent a major pathological mechanism in the chronic stress-induced depression model. In addition, stress induces CRH expression in the amygdala (Makino et al. 1999) . Injection of a CRH agonist into the amygdala is reported to increase anxiety-like behavior, whilst injection of an antagonist decreases anxiety-like behavior (Heinrichs et al. 1992; Rassnick et al. 1993) . A study of bilateral amygdalar lesions indicated that HPA axis activation following somatosensory and olfactory stimulation, but not photic or acoustic stimulation, was blocked by damage to the amygdala (Feldman and Conforti 1981) . A recent fMRI study observed a diminished amygdalar activation in hyposmic patients when compared with normosmic subjects (Pellegrino et al. 2016) . These studies suggest that olfactory signals promote CRH transcription in the amygdala and that the loss of olfactory inputs might produce a reduction in CRH, inducing an anxiolytic-like state.
Contrary to the model of chronic anosmia discussed in our previous paper, GR expression did not differ in transient anosmia. A reduction in hypothalamic GR expression is the endpoint result of HPA feedback inhibition in depressive patients (Owens and Nemeroff 1993; Pariante and Miller 2001) . Chronic model mice received intranasal ZnSO 4 instillation for 12 weeks in our previous study (Ahn et al. 2016) , whereas the transient model received a single dose and the effects lasted for 2-3 weeks. The smaller dose and shorter exposure time to anosmia used in the present study might not have been sufficient to induce feedback inhibition of hypothalamic GR. It is possible that there exists an unknown primary mechanism underlying anosmia-induced depression-like behavior, wherein if the mouse is exposed to this state for long enough duration, HPA axis hyperactivation occurs, leading to the suppression of hypothalamic GR expression. Also, the activation, nuclear translocation and transcriptional activity of GR is known to be highly dependent on phosphorylation of GR in the case of several brain disorders (Adzic et al. 2009; Anacker et al. 2011b; Lambert et al. 2013) . Change in the phosphorylation status of GR may be another possible mechanism for altered HPA axis without change of mRNA levels of GR. The immediate neural changes that underlie depression-like behavior in transient anosmia require further analysis.
In studies on Cnga2 knockout models, a model of congenital nonfunctional main olfactory epithelium (MOE), the mice displayed an increase in anxiety (Glinka et al. 2012; Chen et al. 2014) . However in studies of Trpc2 knockouts, a counterpart model with a nonfunctional vomeronasal organ (VNO), the subjects did not show change in anxiety (Leypold et al. 2002; Stowers et al. 2002) . The high connectivity between the MOE and areas known to manage anxiety, namely the central nucleus of the amygdala and ventral hippocampus, has been proposed as the background of this isolated contribution of MOE to anxiety. The ZnSO 4 irrigation model is known to have damage in MOE but not VNO, which adds weight to this argument (Keller et al. 2006) . The Cnga2 knockout model lacks the sense of smell from birth, being affected in various aspects of normal development that require normal olfaction, such as mother-pup interactions (Gelhaye et al. 2011 ) and postnatal neurodevelopment (Meisami 1978; He et al. 2014) . However, the ZnSO 4 model adopted in this study is defected after the developmental stage, which may explain the different direction of change in anxiety. In human studies, acquired and congenital anosmia show different aspects in fear-related facial expression detection (Lemogne et al. 2015) , and gray matter changes in the left entorhinal and piriform cortices ).
The present study features several limitations. Unlike in humans, murine olfaction is essential for an animal to sense its surroundings and present proper behavior (Yang and Crawley 2009) . In addition, all subject mice that received intranasal ZnSO 4 eventually recovered olfactory function, a factor that rarely occurs in human patients (Reden et al. 2006) . Therefore, the spontaneous recovery of mood-related behavior and molecular expression observed in this experiment might be difficult to be directly translated into human studies. Nevertheless, the time-dependent nature of recovery with regard to emotional behavior and CRH expression provides support for the hypothesis that olfaction directly impacts on mood and its corresponding brain regions. Also, since the behavioral tests were performed during a short period, the behavioral assays may have influenced each other and also confounded the expression of mood-related molecules. The order of assays was designed to start with less-stressful and sensitive behaviors, but the short timeframe did not permit a washout period before tissue collection. The molecular study results may have been affected by stress from the behavioral test. Additionally, considering that intranasal ionic zinc treatment may cause nasal pain (Eby and Halcomb 2006) , the results may have been confounded by time after the stress caused by ZnSO 4 delivery but not anosmia itself. Other inconspicuous handling errors may have also contributed to this irregular baseline considering the relatively small sample size of this study.
In conclusion, transient anosmia induced by a single nasal instillation of ZnSO 4 enhanced depression-like and reduced anxiety-like behavior. The recovery from both anxiolytic-like behavior and amygdalar CRH expression demonstrate similar temporal patterns, indicating that amygdalar CRH expression might underlie the decrease in anxiety-like behavior observed in transient anosmia. However, the suppression of hypothalamic GR expression observed in both depressive patients and the chronic anosmia mouse model was not present in this study. Olfactory impairment was recovered approximately 3 weeks after ZnSO 4 treatment, and behavioral changes were rescued during this period. To the author's knowledge, this is the first animal study to link acquired anosmia with mood disorder-like behavior, and to provide evidence for time-dependent behavioral and molecular recovery. The present findings suggest that loss of olfactory function, which is often neglected, produces a significant impact on mental health and therefore requires more attention with regard to diagnosis and treatment.
